Abstract A one-step electrochemical process had been employed to synthesize nanocomposite films of polypyrrole/ graphene (PPy/GR) by electrochemical polymerisation on indium tin oxide (ITO) from an aqueous solution containing pyrrole monomer, graphene oxide (GO) nanosheets and sodium p-toluenesulfonate (NapTS). The X-ray diffraction (XRD) patterns showed that the typical peak of GO at 9.9 o was missing from the nanocomposite's diffraction pattern, suggesting that the GO had been stripped off of its oxygenous groups after the reaction. We postulated that a nanocomposite film was produced through a layer-by-layer deposition based on field emission scanning electron microscope (FESEM) images. The Raman spectroscopy profiles exhibited that the D/G intensity ratio (I D /I G ) of PPy was not altered by the inclusion of GO due to the low concentration of the material used. However, the concentration was sufficient to increase the specific capacitance of the nanocomposite by 20 times compared to that of pure PPy, reflecting a synergistic effect between PPy and GR, as analysed by a three-electrode electrochemical cell. The electrochemical performance of the nanocomposites was affected by varying the deposition parameters such as concentrations of pyrrole and GO, scan rate, deposition time and deposition potential.
Introduction
In the gargantuan effort for energy sustainability, supercapacitors appear to be devices that have received considerable attention due to their superior characteristics which are unmatched by any other charge storage devices. These include higher power density [1] , longer life cycle [2] , and higher energy density [3] in comparison to conventional electric double layer capacitors (EDLC) [4] . Since portable electronics continue to gain in popularity, the aim to develop an advanced supercapacitor device, a material with high specific capacitance, is indispensable due to its expanding array of applications. Currently, the specific capacitance of the commercial supercapacitor electrode is still less than 200 F/g [5] , whereas the specific capacitance of the reported potential supercapacitor electrodes varies from 30-1,000 F/g [6] [7] [8] [9] [10] [11] [12] [13] .
Supercapacitors are categorized into two classes based on their charge storage mechanisms; EDLC and pseudocapacitors. Energy storage in EDLC results from the separation of electronic and ionic charges between the electrode and electrolyte interface, while a pseudo-capacitor utilizes faradaic reactions occurring within the active material of the electrodes [14, 15] .
Carbon materials, such as activated carbon and carbon nanotubes (CNT), have been widely investigated for EDLC due to their good conductivity and excellent chemical properties [16] . Recently, focus has been on graphene-based materials since they have shown immense theoretical and practical advantages, such as a high surface area, excellent conductivity and capacitance, and relatively low production cost [17] [18] [19] [20] .
Conducting polymers, such as polyaniline, polypyrrole and polythiophene, appear as potent choices for pseudocapacitors. The use of conducting polymers as pseudocapacitors has several advantages over other systems, such as transition metal oxides which are also a family of pseudocapacitors. These include fast charge-discharge kinetics [21] , lower cost compared to noble metal oxides [22] , and high doping-dedoping rates [23] . Polypyrrole has had considerable attention due to its high electrical properties [24] , ease of preparation, good environment stability [21] , and large specific capacitance [25] . However, challenges remain because like most other conducting polymers, polypyrrole exhibits poor stability during the charge-discharge process and hence, leads to a lower life-cycle compared to carbon-based electrodes [26] .
To overcome the weaknesses of conducting polymers, nanofillers, based on carbon materials such as carbon aerogel [25] , carbon nanotubes [27] , carbon nanofibre [28] , and recently, graphene [29] have been introduced for the preparation of polymer nanocomposites. Various polymerization methods have been developed to synthesize polymer nanocomposites, such as the solution method [30] , aqueous deposition [31] , in situ emulsion [32] , vapour phase polymerization [33] , bulk polymerization [34] , and precipitation [35] . However, these techniques involve multiple steps. As opposed to other polymerization methods, electrochemical polymerization provides a one-step procedure and exact control of the thickness of the resulting film [36] . In addition to the polymerization speed that is controllable by the current density [37] , this method also provides mild processing conditions at room temperature [38] without the need to use toxic or excessive chemicals [39] .
We previously reported on a potentiostatic electrodeposition to prepare PPy/GR nanocomposite films. The impressive conductivity of the nanocomposite showed in our previous study indicates its potential as a supercapacitor electrode [40, 41] . In this study, the electrochemical performance of PPy/GR nanocomposites, synthesized potentiostatically using a simple one-step method, were evaluated for application as a supercapacitor.
Experimental

Materials
Graphite powder was obtained from Ashbury Graphite Mills Inc., code no. 3061. Sulphuric acid (H 2 SO 4 , 95-98 %), phosphoric acid (H 3 PO 4 , 85 %), potassium permanganate (KMnO 4 , 99.9 %), and hydrogen peroxide (H 2 O 2 , 30 %) were purchased from Systerm. Hydrogen chloride (HCl, 37 %) was purchased from Sigma-Aldrich. Pyrrole (99 %, Acros organic) was stored in 0°C and distilled prior to use. Sodium p-toluenesulfonate (NapTS, 70 %) was purchased from Fluka. Sodium sulphate anhydrous (Na 2 SO 4 , 99.5 %) was purchased from BDH Chemicals.
Preparation of GO
GO was synthesized using the simplified Hummer's method [42] . Graphite oxide was obtained by oxidation of 3 g of graphite flakes with H 2 SO 4 :H 3 PO 4 (360:40 ml) and 18 g of KMnO 4 . The mixing process, using a magnetic stirrer, took less than 5 min to complete. However, to ensure complete oxidation of graphite, the mixture was stirred for 3 days. During the oxidation, the colour of the mixture changed from dark purplish green to dark brown. H 2 O 2 solution was added to stop the oxidation process, and the colour of the mixture changed to bright yellow, indicating a high oxidation level of the graphite. The graphite oxide formed was washed with 1 M of HCl aqueous solution and repeatedly with de-ionized water until a pH of 4-5 was achieved. The washing process was carried out using a simple decantation of the supernatant using the centrifugation technique. During the washing process with de-ionized water, the graphite oxide experienced exfoliation, which resulted in the thickening of the GO solution, forming GO gel. The concentration of the GO gel was 4.38 mg/ml.
Preparation of PPy/GR nanocomposite
PPy/GR nanocomposite films were synthesized by electrochemical polymerization from an aqueous solution placed in a one-compartment cell. A potentiostat-galvanostat (Elchema model EQCN-502 Faraday cage) was used for the synthesis of the nanocomposite films at room temperature. A graphite electrode was used as a counter electrode; while the working electrode was indium tin oxide (ITO) coated glass. All potentials were referred to a saturated calomel electrode (SCE). The 50 ml electrolyte consisted of 0.1-0.5 M of pyrrole, 1 mg/ml of GO, and 0.1 M of NapTS. For comparison, a parallel PPy film was synthesized by electrolysis of the aqueous solution containing 0.1 M of pyrrole and 0.1 M of NapTS. The electrochemical deposition was performed at a constant potential of +0.8 V (versus SCE) for 2 h. The electrochemical deposition potential, concentration of GO, and time of polymerization were varied to study these effects on the specific capacitance of the nanocomposite films.
Characterization of structure and properties FEI Nova NanoSEM 400 field emission scanning electron microscopy (FESEM) was employed to investigate the morphology of the samples. The crystalline structure of the samples was analysed using Siemens D5000 X-ray diffraction (XRD). Raman spectra were measured using a Renashaw's inVia Raman microscope with a 532 nm laser. The electrochemical measurements were carried out on the BAS 100W electrochemical workstation (Bioanalytical Systems, Inc. USA) in an electrochemistry cell with a three-electrode system in 1 M of Na 2 SO 4 . A platinum wire and an Ag/AgCl electrode were used as a counter and a reference electrode, respectively, and each thin-paper-like sample was used directly as a working electrode. The cyclic voltammetry (CV) tests were carried out between −1.0 V and +1.0 V at various scan rates of 100-10 mV/s. Electrochemical impedance spectroscopy (EIS) measurement was carried out using a VersaSTAT 3 electrochemical system (Princeton Applied Research). The frequency range was from 100 KHz to 10 MHz with an ac amplitude of 5 mV.
Results and discussion
Structure and morphology of PPy/GR nanocomposite Figure 1 shows the XRD profiles of GO, PPy, and PPy/GR nanocomposites and that a sharp diffraction peak of GO was observed at 2θ=9.9º with interlayer spacing (d-spacing) of 0.89 nm. The value of interplanar spacing depends on the oxygen functionality on the surface of GO [43] . For PPy, a broad asymmetric peak is observed from 2θ=11º to 30º, indicating that PPy is amorphous. The broad peak comprises two peaks at 2θ=16º and 22.8º. The high angle peak arises from the PPy chain that is close to the interplanar Van der Waals distance from the aromatic groups, and the peak at 16º corresponds to the pyrrole counter ion, or intercounter ion interaction scattering [44] . The XRD pattern of 0.1 M PPy/GR nanocomposite presents crystalline peaks similar to that of PPy film, indicating that no additional crystalline phase has been introduced into the nanocomposite [12] . For 0.3 M PPy/GR and 0.5 M PPy/GR, the widened peaks suggest that more amorphous PPy were laminated thickly onto the GR's surface. The absence of typical GO peak for all the nanocomposites indicates that the approach had reduced GO to GR. As proven in to our previous work, the conductivity of the nanocomposite increased significantly compared to that of the individual PPy film, indicating that non-conductive GO has been reduced to conductive GR during the electrodeposition process [45] . GO is an electrically insulating material due to its disrupted sp 2 bonding networks. Therefore, reduction of GO is able to recover electrical conductivity by restoring the π-network [19] . Additionally, the missing GR peak reveals a uniform dispersion of GR in the PPy matrix with negligible π-stacking between the GR nanosheets [9, 12] . Moreover, the lack of difference in the peak intensities between the PPy and the nanocomposites could be due to the incorporation of low concentrations of GO into the polymeric film. Figure 2 shows the Raman spectra of GO, PPy, and PPy/GR. For the Raman spectrum of GO, it exhibits the characteristic D band (~1,360 cm −1 ) and G band (~1,580 cm −1 ). The G band corresponds to the vibration of sp 2 hybridized carbon [46] , while the D band indicates the defect or edge plane in the structure [43] . Therefore, the D/G intensity ratio (I D :I G ) expresses the atomic ratio of sp 2 /sp 3 carbons in measuring the extent of disordered graphite. The calculated I D :I G ratio for GO is 0.89, which indicates extensive oxidation of GO in the process of the chemical oxidation of graphite, leading to a reduction in the size of the inplane sp 2 domains [47] . For the pure PPy, the characteristic bands at 1,367 cm −1 and 1,574 cm −1 are due to the ring stretching mode and the C=C backbone stretching of PPy, respectively [48] . In addition, the peak at 928 cm −1 and two small peaks at 964 cm −1 and 1,060 cm −1 are due to the bipolaron ring deformation and the polaron symmetric C-H in-plane bending vibration, respectively [49, 50] . The Raman spectrum of the PPy/GR nanocomposite shows that the presence of GO did little to alter the bands of PPy. The low concentration of soluble GO used would have easily distributed homogeneously within the polymer matrix, leading to unnoticeable changes in the I D :I G of the as-prepared nanocomposite film. In Fig. 3a , the FESEM image shows the typical wrinkly image of GO whereas Fig. 3b depicts that pure PPy has a rough surface with a bulbous appearance. When viewed at a lower magnification, the growth of the PPy film was not uniform since branches were observed at several different locations protruding from the surface (image not shown). The dopant used contributed to this effect. The π-electrons of p-toluenesulfonate will align with the delocalized π-electrons of PPy, which, in turn, constrain the growth of PPy to certain directions [51] .
The surface morphology of the PPy films changed when GO was introduced into the matrix. The nanocomposite consists of a network structure of fibrelike morphology, which we believed to be made up of an alignment of GR and PPy through the π-electrons interaction, as shown in Fig. 3c . When the concentration of PPy increased, the nanocomposite film displayed a porous and waxy-like surface (Fig. 3d) . A further increase in the concentration of PPy increased the surface roughness because of the increased surface porosity (Fig. 3e) . Agglomeration of PPy had also taken place at high concentrations of PPy. The polymerization time was tuned to investigate the formation of the nanocomposite film. In Fig. 3f , in the first hour, it was observed that the fibre-like material (much like the morphology shown in Fig. 3c ) was covered by a layer of waxy-like film. When the polymerization time was extended to 4 hours, the surface of the film showed an almost complete coverage of the waxy-like layer on the fibre-like material (Fig. 3g) . The surface in Fig. 3g is rather similar to the surfaces portrayed in Figs. 3d and e, apart from the porosity. This shows that the low concentration of PPy yielded a nanocomposite film with a surface that was free from pores. Based on the observation, we conclude that the fibrous material, composed mainly of the GR sheets, aligned with PPy, whereas the waxy-like layer consisted only of PPy. We postulate that the nanocomposite film is made up of an alternate arrangement between PPy and GR, as shown in Fig. 4 , because the electrostatic repulsive interaction of adjacent GO sheets leads to the negatively-charged GO attracting the positively-charged PPy [46] . Figure 4a depicts the cross-section of a pure PPy film, which is compact and shows only a single phase. Figure 4b shows the PPy/GR nanocomposite film synthesized using the electrodeposition approach. The cross-section of the nanocomposite film in Fig. 4c consists of a mixture of PPy matrix and graphene layers that are not perfectly stacked. The GO sheets probably crumpled during the deposition process, making it impossible to revive the original π-π stacking between the graphene sheets, and they remained in that position after reduction [52] .
Synthesis and formation mechanism of PPy/GR nanocomposite
Even though we successfully electrodeposited PPy film on an ITO substrate, we were unable to do so for lone GO. Figure 5 shows the schematic illustration for the synthesis of PPy/GR nanocomposite film using the electrochemical polymerization process. Figure 5a shows the initiation step through the electrode oxidation of pyrrole monomers. In this step, radical cations were formed with the radical state delocalized over the pyrrole ring. In Fig. 5b , due to the electrostatic charge attraction, pTS anions were attracted to the pyrrole radical cations, forming a complex. In Fig. 5c , the coupling process of monomers occurred and two α-hydrogens were expelled since the preferred location of the radical was the α-position of the pyrrole ring. Figure 5d shows that the chain growth continues by the addition of newly formed radical cations on the existing oligomeric chain. pTS anions are attracted to the pyrrole monomers first because of their lower molecular density. As GO was negatively charged, it would also be attracted to the pyrrole radical cations but at a slower rate due to its higher molecular density. Simultaneously, the free electrons released from the formation of pyrrole radical cations would reduce GO to GR, as shown in Fig. 5e . When the surface was saturated with GR aligned with PPy, pyrrole monomers formed a new layer of PPy ( Fig. 5f and g ). The layer-by-layer deposition of PPy and GR is believed to occur, not only through π-π stacking, but also through several other interactions such as Van der Waals force and hydrogen bonding. The formation mechanism is illustrated in Fig. 5f . The formation mechanism is similar to the FESEM images showing various deposition times where the layering between GR and PPy happened at the microstructure level.
Electrochemical performance of nanocomposites CV is well known as an effective tool to investigate the capacitive behaviour of a material. If the material is an ideal capacitor, it will exhibit several characteristics; high current, rectangular form of the voltammogram and symmetry in anodic and cathodic directions [53] . In this study, the cyclic voltammetry was carried out using a three-electrode one-compartment cell with 1 M of Na 2 SO 4 as the electrolyte. The potential was scanned from −1.0 to 1.0 V (versus Ag/AgCl) and the scan rate was varied from 10 to 100 mV/s. The specific Fig. 4 Cross sectional view of PPy and PPy/GR (a,c) and image of PPy/GR nanocomposite capacitance values of the samples are calculated from cyclic voltammograms using Eq. 1 [54] .
where Cm is the specific capacitance in farads per gram, ∫i is the integrated area of the CV curve, m is the mass of the electrode material in grams, and s is the scan rate in volts per second. Figure 6 compares the electrodes at a scan rate of 10 mV/s. The CV curve of PPy shows deviation from a rectangular form. However, with the inclusion of GO, 0.1 M PPy/GR and 0.3 M PPy/GR depicted typical capacitive behaviours that were quasi-rectangular in shape and mirror image characteristic, indicating ideal capacitive behaviour. The slight deviation from the typical capacitive behaviours for 0.5 M PPy/GR suggests that it is important to have the right amount of PPy to achieve ideal capacitive behaviour. All voltammograms show two redox peaks around -0.18 V and -0.39 V, which are attributed to the typical characteristic of the pseudocapacitance behaviour of PPy film with large molecules of anionic dopant. The redox peaks are ascribed to the dual mode of doping and dedoping of the cation and anion from PPy [55] . The small redox peaks are the characteristics of PPy synthesized potentiostatically [56] .
Generally, voltammograms with a higher current response correspond to higher specific capacitance. The calculated specific capacitance at 10 mV/s for pure PPy was distance for electron shuttling during the electrochemical reaction [57] . However, a higher concentration of PPy in the nanocomposite will lead to agglomeration of PPy on the surface of graphene, as verified by Fig. 3e . The diffusion process of the electrolyte to the graphene surface will become difficult, and hence reduce the contact of the electrolyte to the graphene surface, leading to a lower contribution to specific capacitance. However, for the case of 0.1 M PPy/GR, the homogenous dispersion of GR layers in the PPy matrix reduces the diffusion and migration length of the electrolyte ions during the charge-discharge process, which contributes to the high charge storage performance.
The prepared nanocomposite materials have superior rate capability and have good stability at a wide voltage range. It is evident from Fig. 7 that the CV curves of 0.1 M PPy/GR, obtained at a scan rate as high as 100 mV/s, were still able to maintain the quasi-rectangular shape with an obvious increase in current density, without depressing the CV curve [58] . Both the positive cathodic peak and the negative anodic peak shifted with increasing scan rate, mainly due to the resistance of the working electrode [9] . The curves at the scan rate of 100 and 80 mV/s opened at the low voltage side due to polarization of the electrodes [59] . The variations in the specific capacitance as a function of scan rate for the nanocomposites are shown in Table 1 .
The effects of the concentration of GO in the nanocomposites were investigated at concentrations of 0.5, 1 and 2 mg/ml, where [pyrrole]=0.1 M, [NapTS]=0.1 M, and electrochemical deposition potential=+0.8 V/SCE. Figure 8 shows that increasing the GO concentration from 0.5 to 2 mg/ml leads to the improvement of the specific capacitance from 141.19 to 300.02 F/g. The improvement not only stems from the synergistic effect between GO and PPy but also arises from the increase of GR in the nanocomposite. The rise in the concentration of GO, known for its large surface area, increases the surface area of nanocomposite and provides more electrode/electrolyte interface areas, leading to high accessibility by electrolyte ions [58] . These effects increase the electrochemical utilization of the PPy/GR nanocomposite films. Figure 9 shows the CVs of nanocomposite films with various reaction times. An aqueous electrolyte solution containing [pyrrole]=0.1 M, [NapTS]=0.1 M, and [GO]= 1 mg/ml was electrochemically polymerized at different deposition times of 1, 2 and 4 h, where the electrochemical deposition potential was kept constant at +0.8 V/SCE. The CVs of the nanocomposite films prepared at 1 h and 2 h display characteristics of capacitors, having specific capacitance values that increased from 152.08 to 254.21 F/g. However, the value dropped to 94.27 F/g for the extended polymerization time of 4 h. It was known that continuous electrodeposition favoured the growth of polymer chains rather than nucleation to form a new chain [60] . Hence, for an extended polymerization time, the existing polymer chains would lengthen and thicken, affecting the hydrophilic character of the nanocomposite [61] . Therefore, it reduced the electrode/electrolyte interface areas, making the penetration of electrolyte ions difficult which caused the charge storage performance of the nanocomposite film to deteriorate. This is reflected in the deformed CV profile of the nanocomposite film. Figure 10 shows the dependence of the specific capacitance of PPy/GR nanocomposite films on the applied potential. The specific capacitance of PPy/GR nanocomposite films increased with increasing electrochemical deposition potential until +0.8 V/SCE and decreased thereafter. Moreover, the capacitive behaviour was ideal at +0.8 V/SCE. This suggests that the specific capacitance of the film is not only dependent on the concentration of pyrrole and GR, but also on the applied potential. From the voltammogram, a larger current response indicated that a more active polymer was present on the surface of the nanocomposite. Hence, as expected, the current response of the nanocomposite film synthesized at +0.6 V was smaller compared to the nanocomposite film synthesized at +0.8 V since a large amount of PPy was deposited at a more positive potential [62] . The specific capacitance calculated from the voltammograms increased from 108.60 F/g (+0.6 V) to 254.21 (+0.8 V) at 10 mV/s. However, when the applied potential was more positive than +0.8 V, overoxidization of PPy occurred. The specific capacitance of nanocomposites were decreased to 123.00 F/g (+1.0 V) and 58.89 F/g (+1.3 V) at 10 mV/s. These indicated that the PPy lost its electroactivity [63] , hence the charge capacity of the nanocomposite films decreased.
EIS provides useful information on the electrochemical frequency of a system for the measurement of equivalent series resistance (ESR) and charge transfer resistance (R ct ) of electrodes. The Nyquist plots of PPy/GR and PPy are shown in Fig. 11 . The ESR of electrode materials is determined by the first interception of a semicircle present in the lower left portion of a spectrum, which corresponds to high frequencies. ESR is associated to the total resistance of solution resistance and internal resistance of electrode. On the other hand, R ct , which relates to interfacial processes of counterions through the electrode/electrolyte interface, can be estimated from the diameter of a semicircle [64] . Large semicircles reflect high interfacial resistance of electrode materials with poor charge propagation behavior. While the linear portion at the low frequency region indicates a pure capacitive behavior, representative of ion diffusion in the electrode structure [65] . PPy/GR exhibits a negligible semicircle in the high frequency region and a line that is almost linear in the high frequency region, indicating low ESR and good charge transfer behaviour.
In contrast, the PPy shows a large semicircle over the low frequency region, indicating high interfacial resistance. The semicircle of PPy/GR at the high frequency region is magnified for clarity, as shown in the inset of Fig. 11 . The ESR (31.3 Ω) and R ct (0.9 Ω) of PPy/GR (31.3 Ω) are far less than those of PPy (ESR=55.5 Ω, R ct = 30.9 Ω). As GO has high R ct value [66] , the reduced resistances of the nanocomposite compare to that of pure PPy indicates formation of GR in the PPy/GR nanocomposite, which facilitates the efficient access of electrolyte ions to the graphene surface and shortens the ion diffusion path [7] . As good conductivity is indicative of favorable supercapacity [6] , the PPy/GR nanocomposite is promising for supercapacitor applications.
Conclusions
In the present study, the polypyrrole/graphene nanocomposite films had been prepared by electrochemical deposition. This method provided a one-step synthesis of graphenebased nanocomposite film without pre-reducing GO to graphene before incorporation into the host polymer. The FESEM images reflected that the nanocomposites were synthesized through a layer-by-layer mechanism where PPy was deposited onto the ITO first, followed by graphene onto the PPy and the deposition of the materials continued alternately. The specific capacitance of the nanocomposites could be tailored by changing the concentrations of PPy and GO, the electrodeposition potential and the reaction time. The presence of graphene appears to enhance the electrochemical performances and improve the electrochemical profiles of PPy tremendously.
